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AP-4 is a member of the adaptor protein complexes,
which control vesicular trafficking of membrane
proteins. Although AP-4 has been suggested to
contribute to basolateral sorting in epithelial cells,
its function in neurons is unknown. Here, we show
that disruption of the gene encoding the b subunit
of AP-4 resulted in increased accumulation of axonal
autophagosomes, which contained AMPA receptors
and transmembrane AMPA receptor regulatory pro-
teins (TARPs), in axons of hippocampal neurons
and cerebellar Purkinje cells both in vitro and
in vivo. AP-4 indirectly associated with the AMPA re-
ceptor via TARPs, and the specific disruption of the
interactionbetweenAP-4andTARPscaused themis-
localization of endogenous AMPA receptors in axons
ofwild-type neurons. These results indicate that AP-4
may regulate proper somatodendritic-specific distri-
bution of its cargo proteins, including AMPA recep-
tor-TARP complexes and the autophagic pathway
in neurons.
INTRODUCTION
Membrane proteins reach their resident organelles and plasma
membrane domains by vesicle carriers that selectively sort cargo
proteins. Four tetrameric adaptor protein (AP) complexes, AP-1,
AP-2, AP-3, and AP-4, have been shown to control vesicular traf-
ficking of membrane proteins in the biosynthetic and endocytic
pathways (Boehm and Bonifacino, 2001). The most recently
described member, AP-4, is associated with the trans-Golgi net-
work (TGN) and/or endosomes (Barois and Bakke, 2005) and has
been shown to mediate basolateral sorting of its cargo proteins
via the biosynthetic pathway in epithelial cells (Folsch et al.,
1999; Simmen et al., 2002); when AP-4 was disrupted, basolat-
erally transported proteins, such as low-density lipoprotein
receptors (LDLR), were distributed nonselectively to both baso-
lateral and apical domains. Similarly, AP-4 is expressed in the
TGN and endosomes in neuronal cell lines (Dilaver et al., 2003)
and inmany regions of the brain (Yap et al., 2003) (The Allen Brain
Atlas, http://www.brain-map.org). Nevertheless, its functions
and endogenous cargo proteins are unknown in neurons.730 Neuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc.Like epithelial cells, neurons are highly polarized cells com-
posed of two morphologically and functionally distinct domains,
the axon and the dendrite. Onceneuronal processes are destined
to become axons or dendrites during development, neuronal
polarity is maintained throughout adulthood by the selective sort-
ing ofmanymembrane proteins, such as ion channels, receptors,
transporters, and adhesion molecules, to their proper locations.
Indeed, the AMPA receptor, which mainly mediates fast excit-
atory neurotransmission in the vertebrate CNS, is selectively
transported to the somatodendritic domain in neurons (Horton
andEhlers,2003).Dendrite-selectivesortingoftenrequiresashort
stretch of amino acids, such as a dileucine (Poyatos et al., 2000;
Rivera et al., 2003; Silverman et al., 2005) or tyrosine-basedmotif
(JarebandBanker, 1998),within thecytosolicdomainof themem-
brane protein to be sorted. Similarly, the C-terminal cytoplasmic
tail of theGluR1 subunit of AMPA receptorswas shown to contain
dendritic sorting information, which did not rely on a dileucine or
tyrosine-based motif (Ruberti and Dotti, 2000). Interestingly, pro-
teins sorted to the basolateral domain of epithelial cells are often
(Dotti andSimons, 1990; Jareb andBanker, 1998), but not always
(Silvermanet al., 2005), selectively transported to thesomatoden-
dritic domain of neurons. Thus, a common mechanism may be
involved in polarized sorting in neuronal and epithelial cells.
In this study, toelucidate the roleofAP-4 inneurons,wedisrupted
the gene encoding the b subunit of AP-4 (AP-4b/). Although
AP-4b/micewere fertile andhadnoovert anatomical andgait ab-
normalities, theaxon terminal regionsofAP-4b/Purkinje cells and
hippocampal neurons were swollen and contained numerous auto-
phagosomes, whichwere immunopositive for AMPA receptors and
transmembrane AMPA receptor regulatory proteins (TARPs). Al-
thoughAP-4didnotdirectlybind toAMPAreceptors, itdidassociate
with TARPs, which tightly binds to all subunits of AMPA receptors
GluR1–GluR4 (Nicoll et al., 2006). Indeed, the specific disruption of
the interactionbetweenAP-4andTARPscaused themislocalization
of endogenous AMPA receptors in the axons of wild-type neurons.
These results indicate that AP-4 regulates proper somatodendritic-
specific distribution of its cargo proteins, including AMPA receptor-
TARP complexes and the autophagic pathway in neurons.
RESULTS
Generation of AP-4b/ Mice
To investigate the role of AP-4 in neurons in vivo, we analyzed
mice carrying a null mutation in the gene encoding the b4
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Mislocalized AMPA Receptors in AP-4 Null AxonsFigure 1. Accumulation of AMPA Receptors in Purkinje Cell Axons in the DCN Region of AP-4b/ Cerebellum In Vivo
(A) PCR analysis using total RNAs from wild-type (WT) and AP-4b/ (KO) brain tissues with or without treatment with reverse transcriptase (RT).
(B) Immunoblot analysis of whole-brain lysates fromwild-type and AP-4b/mice using anti-AP-43 (top), anti-AP-4b (middle), or anti-b-actin (bottom) antibodies.
(C) Schematic illustration of laminated cortical structure of the cerebellum. Purkinje cell axons converge on the deep cerebellar nucleus (DCN). Mo, molecular
layer; Pc, Purkinje cell layer; Gr, granular layer; WM, white matter.
(D) Immunohistochemical analysis of AMPA receptors (red) and calbindin (green) localization inwild-type andAP-4b/ cerebella. The lower four panels represent
enlarged images of the DCN region. The asterisks indicate the soma of DCN neurons, and the arrows indicate the axons of Purkinje cells, which are doubly
immunopositive for calbindin and AMPA receptors. Scale bars correspond to 200 mm in the upper panels, 10 mm in the lower panels.
(E) Immunohistochemical analysis of AMPA receptor GluR2 subunit (red) and calbindin (green) localization in the molecular layer (Mo) of wild-type and AP-4b/
cerebella. GluR2 was normally distributed in the dendrites of Purkinje cells (enlarged in the right panels). Scale bar, 20 mm.
(F) Immunohistochemical analysis of AMPA receptor GluR2 subunit (red) and calbindin (green) localization in the DCN region of wild-type andAP-4b/ cerebella.
The asterisks indicate the soma of DCN neurons, and the arrows indicate the axons of Purkinje cells, which are doubly immunopositive for calbindin and GluR2.
Scale bar, 10 mm.subunit, a large subunit of AP-4. The disruption of the b4 gene
was confirmed by Southern blot and polymerase chain reaction
(PCR) analyses of genomic DNA (see Figure S1 available online).
Similarly, no normal b4 mRNA was detected in brain tissue from
AP-4b/ mice using reverse transcriptase PCR (Figure 1A).
Immunoblot analysis of brain lysates with anti-b4 antibody also
detected no AP-4b proteins in AP-4b/ mice (Figure 1B). The
ablation of one of the four subunits of an AP complex generally
results in the total loss of function of the AP complex inmammals
and other eukaryotes (Dell’Angelica et al., 1999; Kantheti et al.,
1998). Indeed, immunoblot analysis revealed that the expression
of the 3 subunit, another large subunit of AP-4, was barely
detectable in AP-4b/ mice (Figure 1B).
Although a null mutation in the genes encoding the subunits of
AP-1 or AP-2 results in embryonic lethality in homozygous mice
(Boehm and Bonifacino, 2001), heterozygous AP-4b breeding
pairs produced normal litters (128 pups, 52% female) with theexpected frequencies of wild-type, heterozygous, and homozy-
gous offspring (22%, 55%, and 23%, respectively). AP-4b/
mice were fertile, had no overt anatomical abnormalities in their
brains (Figure S2), and had normal life spans. Although the mice
exhibited no ataxia and could walk along a straight line with
regular steps (Figure S3A), they exhibited a significantly poorer
rotorod performance thanwild-typemice (Figure S3B). No signif-
icant differences in body weight or grip power were observed
between the wild-type and AP-4b/ mice (Figures S3C and
S3D). In addition, the cerebella of the AP-4b/mice had normal
foliation and a normal laminated cortical structure (Figure S3E).
All the principal neuronal types were present in the cerebella
(Figure S3E), and the gross morphology of the soma and den-
drites of Purkinje cells was normal (Figure S3F) in the AP-4b/
mice. Since AP-4 is expressed in many regions of the brain
(Yap et al., 2003; The Allen Brain Atlas, http://www.brain-map.
org) and disruption of AP-4b had effects on various neurons asNeuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc. 731
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Mislocalized AMPA Receptors in AP-4 Null Axonsdescribed below, neurons directly responsible for the poormotor
performance of AP-4b/ mice remains unclear; future studies
using the brain region-specific knockout of the AP-4 gene are
warranted.
Mislocalization of AMPA Receptors
in AP-4b/ Purkinje Cells
Because AP-4 mediates basolateral sorting of cargo proteins
in epithelial cells (Folsch et al., 1999; Simmen et al., 2002), we
examined whether the polarized distribution of AMPA receptors
to the somatodendritic domain, a functional equivalent of the ba-
solateral domain of epithelial cells, was disrupted in AP-4b/
neurons. Purkinje cells provide an excellent model system to
study protein sorting in vivo because their dendritic field is
spatially segregated from their axonal field (Figure 1C; Mitsui
et al., 2005). Purkinje cells extend elaborate dendrites into the
molecular layer and project a single axon, in the opposite direc-
tion, into the deep cerebellar nuclei (DCN); since Purkinje cells
are the only calbindin-positive cells in the cerebellum, the axons
of Purkinje cells in the DCN region can be easily identified. In
wild-type and AP-4b/ mice, AMPA receptor immunoreactiv-
ities were mainly observed in the molecular layer of the cerebel-
lum, with lower levels observed in the granular layer and DCN
(Figure 1D). Magnified images of the DCN region of wild-type
cerebella revealed that AMPA receptor immunoreactivity was
not colocalized with the axons of Purkinje cells, which were
visualized using anti-calbindin antibody (Figure 1D); this result in-
dicated that AMPA receptors in wild-type Purkinje cells were se-
lectively transported to the somatodendritic domain. In contrast,
AMPA receptor immunoreactivity around the DCN of AP-4b/
cerebella was localized in huge bulging structures that were
immunopositive for calbindin (Figure 1D). Similar results were
obtained from immunohistochemical analyses using specific an-
tibodies against the GluR1 (Figure S4A) and GluR2 (Figures 1E
and 1F) subunits of AMPA receptors. On the other hand, GluR2
immunoreactivity in the molecular layer of AP-4b/ cerebella
displayed normal punctate patterns that corresponded to the
Purkinje cell spines (Figure 1E), suggesting that the transport of
AMPA receptors to the dendrites was intact in AP-4b/ Purkinje
cells.
To confirm that the bulging structures were, indeed, the axons
of Purkinje cells, immunohistochemical analyseswereperformed
using anti-tau1 andanti-MAP2antibodies,which specifically rec-
ognize axons and somatodendritic regions, respectively. Strong
tau1 and calbindin immunoreactivities were colocalized in the
bulging structures in the DCN region ofAP-4b/ cerebella, while
MAP2 immunoreactivity was barely detectable (Figure 2A). We
confirmed that the anti-tau1 antibody did not react with the
soma and dendrites of either wild-type orAP-4b/Purkinje cells
(Figure 2B); tau1 immunoreactivity in the molecular layer corre-
sponded to axons of granule cells that formed synapses on Pur-
kinje-cell dendrites. Thus, the bulging structures in the DCNwere
most likely the axons of Purkinje cells. In addition, we used patch
pipettes to introduce Alexa dye directly into AP-4b/ Purkinje
cells and found that Alexa-filled axons in the DCN region were
swollen and immunopositive for AMPA receptors and calbindin
(Figure S5). Furthermore, cultured Purkinje cells from AP-4b/
mice, but not from wild-type mice, also displayed swollen axons732 Neuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc.with localized AMPA receptor immunoreactivity (Figure 2C).
Interestingly, the AMPA receptors had accumulated at or near
the axonal terminal regions, but not in thin axonal shafts (Fig-
ure 2C); this result may explain why some calbindin-positive
regions, which probably corresponded to the axonal shafts,
were immunonegative for AMPA receptors in the DCN region of
AP-4b/ mice (Figure 1D). Altogether, these results indicate
that AMPA receptors were mislocalized and accumulated at or
near the axon terminals of AP-4b/ Purkinje cells.
Axon transport is disturbed in a variety of neurological dis-
eases as well as in traumatic, toxic, or ischemic injuries, leading
to localized axonal swelling. For example, we recently demon-
strated that the Purkinje cell-specific knockout of Atg5, an
autophagy-related gene necessary for the elongation of the iso-
lation membrane, resulted in marked axon swelling before the
Purkinje cells started to degenerate (Nishiyama et al., 2007).
However, immunoreactivity for AMPA receptors did not accumu-
late in the swollen calbindin-positive Purkinje cell axons in Atg5
null cerebella (Figure 2D). Furthermore, unlike AMPA receptors,
metabotropic glutamate receptor 1 (mGluR1) showed highly
polarized distribution in the somatodendritic regions of both
wild-type and AP-4b KO Purkinje cells; mGluR1 immunoreactiv-
ity was not colocalized with calbindin immunoreactivity in the
DCN region of cerebella (Figure S4B), and it was restricted to
the somatodendritic domain of Purkinje cells (Figure S4C). These
results indicate that the lack of AP-4 did not cause nonspecific
detrimental effects on Purkinje cells but that AP-4 is required
for the somatodendritic domain-specific distribution of AMPA
receptors in Purkinje cells in vivo.
Accumulation of AMPA Receptors in Autophagosomes
in Axons of Purkinje Cells
Electron microscopy analysis revealed membranous organelles,
including vesicles, vacuoles, stacked endoplasmic reticulum
(ER), and autophagosome-like structures, highly accumulated
in the bulging portions of axons (shown by # in Figures 3A-2,
3A-4, and 3A-5), which were several times larger in size than
the Purkinje cell axons in wild-type cerebella (Figures 3A-1 and
3A-3). Occasionally, membranous organelles also accumulated
in the axon terminals that formed synapses with DCN neurons
(Figure 3A-5). Similarly, electron microscopy frequently revealed
swollen and aberrant axons of cerebellar granule neurons in
AP-4b/ cerebella (Figure 3B), a finding consistent with the
view that AP-4 plays a role in various neurons. In contrast,
synaptic vesicle-accumulating axon terminals in the AP-4b/
cerebella were mostly similar in size to those in wild-type cere-
bella, and these terminals formed normal synapses (thick arrows
in Figure 3A) with the DCN neurons. Moreover, the density of
Purkinje cell axon terminals, which were identified by the immu-
noreactivity of vesicular GABA transporter (VGAT) and calbindin,
were not different in the AP-4b/ DCN regions from that in wild-
type DCN regions (Figure S6). Thus, the presence of abundant
aberrant structures may not significantly affect the function of
axon terminals.
Toobtainclues to the identityofautophagosome-likestructures,
we performed immunoblotting analysis with anti-microtubule
associated protein light chain 3 (LC3) antibody; a lipidated form
of LC3, LC3-II, has been shown to be a specific autophagosomal
Neuron
Mislocalized AMPA Receptors in AP-4 Null AxonsFigure 2. Periterminal Axons Were Swollen in AP-4b/ Purkinje Cells In Vivo and In Vitro
(A) Immunohistochemical analysis of tau1 (green), calbindin (red), andMAP2 (blue) in the DCN region of wild-type (WT) andAP-4b/ (KO) cerebella. The asterisks
indicate the soma of DCN neurons, which were positive for MAP2 but negative for tau1 and calbindin, and the arrows indicate calbindin- and tau1-positive axons
of Purkinje cells. Scale bar, 10 mm.
(B) Immunohistochemical analysis of tau1 (green) and calbindin (red) in the wild-type andAP-4b/ cerebellar cortices. Calbindin-positive Purkinje cells (Pc) were
negative for tau1. Tau1 immunoreactivity in the molecular layer (Mo) corresponded to axons of granule cells that formed synapses on Purkinje-cell dendrites.
(C) Immunocytochemical analysis of endogenous AMPA receptors and calbindin in wild-type (WT) and AP-4b/ (KO) Purkinje cells cultured for 18 days in vitro.
An anti-pan-AMPA receptor antibody was used. Axonal regionsmarked by white squares were enlarged in the lower panels. The arrows and arrowheads indicate
the periterminal regions and shafts of Purkinje-cell axons, respectively.
(D) Immunohistochemical analysis of endogenous AMPA receptors (red) and calbindin (green) in the DCN region of Atg5flox/flox; pcp2-Cre cerebella. Although
the calbindin-positive Purkinje-cell axons (dotted lines) were swollen, they were immunonegative for AMPA receptors. Scale bar, 10 mm.marker in mammals. We found that LC3-II was increased in AP-
4b/ cerebellar lysates (p = 0.042, n = 4; Figure 3C). Furthermore,
by breeding transgenic mice that produce green fluorescent pro-
tein (GFP)-tagged LC3 (Mizushima et al., 2004) onto an AP-4b/
background (GFP-LC3; AP-4b/), we confirmed that AMPA
receptors accumulated in GFP-LC3-labeled autophagosomes in
Purkinje cell axons in the DCN region (Figure 3D). Finally, the level
of p62/SQSTM1, a protein incorporated into the completed auto-
phagosome and is degraded in the lysosomes (Wang et al.,
2006), was decreased in AP-4b/ brain lysates (Figure 3E). Al-
though the sourceof theaberrantmembranousstructures remains
unclear, these results suggest that AMPA receptors were accu-
mulated in autophagosomes and processed by the autophagic
pathway in AP-4b/ axons.
Mislocalized AMPA Receptors within Axons
of Hippocampal Neurons
To further investigate the mechanisms underlying mislocalized
AMPA receptors in axons, we used cultured hippocampal neu-rons, in which exogenously expressed membrane proteins have
been shown to follow the endogenous sorting rules (Jareb and
Banker, 1998). In these experiments, coexpressed GFP was dis-
tributed throughout the neurites, making the axons easy to iden-
tify by their typical morphology (Silverman et al., 2005); in some
experiments, we further confirmed the axonal structures by
immunostaining with the dendrite-specific marker MAP2 or the
axon marker unphosphorylated tau1.
First, we confirmed that immunoreactivity for endogenous
GluR1 was significantly higher in axons of AP-4b/ hippocam-
pal neurons than those in wild-type neurons cultured for
18 days in vitro (DIV) (Figures 4A and 4B). On the other hand, en-
dogenous GluR1 was normally expressed in the dendrites and
spines of AP-4b/ hippocampal neurons. Similarly, endoge-
nous AMPA receptors (Figure S7) and GluR2 (Figure 6A) were
mislocalized in the axons of AP-4b/ hippocampal neurons. Al-
though endogenous AMPA receptor immunoreactivity in axonal
shafts was very weak in AP-4b/ Purkinje cells (Figure 2C), it
was often detected in axonal shafts of AP-4b/ hippocampalNeuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc. 733
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Mislocalized AMPA Receptors in AP-4 Null AxonsFigure 3. Autophagosome-like Structures within Axons of AP-4b/ Purkinje Cells
(A) Electron microscopic analysis of the DCN regions of wild-type (WT) and AP-4b/ (KO) cerebella. The bold arrows indicate normal synapses, and the thin
arrows indicate autophagosome-like and aberrant membranous structures. Dn, dendrites of DCN neurons; #, swollen axons of Purkinje cells. Scale bars, 500 nm.
(B) Electron microscopic analysis of the molecular layers of wild-type (WT) and AP-4b/ (KO) cerebella. PF, parallel-fiber terminals. The asterisks indicate the
dendritic spines of Purkinje cells. The arrowheads indicate aberrant parallel fiber terminals containing double-membraned structures. The arrow indicates a swol-
len parallel fiber terminal. Scale bars, 500 nm.
(C) Activation of the autophagic pathway revealed by immunoblot analysis of LC3-II. Representative immunoblot data using two samples each fromwild-type and
AP-4b/ mice. The right graph shows a quantitative analysis of the amount of LC3-II protein normalized by that of LC3-I. *p = 0.042; n = 4.
(D) Immunohistochemical analysis of calbindin (red) and GFP-LC3 (green) in the DCN region of GFP-LC3 transgenic mice, AP-4b/ mice, and GFP-LC3 trans-
genic mice on a background of AP-4b/mice (GFP-LC3; AP-4b/). Calbindin-positive Purkinje-cell axons were immunopositive for AMPA receptors and GFP-
LC3 in the DCN region of GFP-LC3; AP-4b/ cerebella.
(E) Immunoblot analysis of whole brain lysates from wild-type (WT) and AP-4b/ (KO) mice using anti-p62/SQSTM1 antibody. The p62/SQSTM1 level was
reduced in the brain of AP-4b/ mice, a result indicating an increased autophagosome-lysosomal degradation activity.neurons (Figures 4A and 6A); this difference may reflect lower
activities of protein degradation pathways (Hara et al., 2006) or
the presence of en passant synapses in hippocampal neurons.
Unlike in Purkinje cells, changes in the distribution of AMPA
receptors were difficult to demonstrate unequivocally in hippo-
campal neurons in vivo, mainly because the axonal fields of
these neurons were often not well separated from their dendritic
fields; AMPA receptor immunoreactivity in axons was easily
masked by that in dendrites (Mitsui et al., 2005). In addition,
the swelling of axons that form en passant synapses may be
difficult to detect in vivo. However, by using the Sindbis virus
to express the hemagglutinin (HA)-tagged GluR1 subunit of the
AMPA receptor in the hippocampus in vivo, we found that the
GluR1 subunits were mislocalized in the axons of AP-4b/
hippocampal neurons, but not in wild-type neurons, in vivo (Fig-
ure S8). These findings are consistent with the view that AP-4
is required for somatodendritic region-specific localization of734 Neuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc.AMPA receptors in hippocampal neurons as well as in Purkinje
neurons.
Next, we used the Sindbis virus to express GluR1 with its
C-terminal region tagged with HA in cultured hippocampal neu-
rons at 17 DIV. One day later, HA immunoreactivity was not ob-
served in GFP-positive and MAP2-negative axons of wild-type
hippocampal neurons under permeabilizing conditions. In con-
trast, HA immunoreactivity was present in the axons of
AP-4b/ neurons (Figure 4C). To quantify the portion of HA-
tagged GluR1 that was mislocalized in the axons of AP-4b/
hippocampal neurons, we determined the axon-dendrite ratio
(ADR) (Rivera et al., 2003); the ratio of HA signals in the axon to
those in the dendrites was normalized by the corresponding ratio
of GFP signals. Thus, the ADR value of unity indicates that the
target protein was nonselectively distributed to both the axonal
and dendritic domains in a manner similar to that of the cytosolic
protein GFP. The ADR value for HA-GluR1 (0.16 ± 0.14, n = 8) in
Neuron
Mislocalized AMPA Receptors in AP-4 Null AxonsFigure 4. Endogenous and Exogenous AMPA Receptors Were Excluded from Axons of Wild-Type, but Not AP-4b/, Hippocampal Neurons
In Vitro
(A) Immunocytochemical analysis of endogenous GluR1 localization using anti-GluR1 antibody in cultured wild-type (WT) and AP-4b/ (KO) hippocampal neu-
rons at 18 DIV. MAP2 (green) and unphosphorylated tau1 (red) immunoreactivities were used to identify the axons. The regions marked by yellow squares (distal
axons), white squares (proximal axons), and purple squares (dendrites) are enlarged in the corresponding panels. The arrows indicate the axons. Scale bars,
20 mm.
(B) Quantitative analysis of the fluorescence intensity of axonal GluR1 normalized by the tau1 intensity. The mean value in wild-type neurons was defined as
100%. The axonal fluorescence intensity of anti-GluR1 antibodies was significantly higher in AP-4b/ than in wild-type hippocampal neurons (**p = 0.0023;
n = 7).
(C) Immunocytochemical analysis of HA-tagged GluR1 localization in wild-type (WT; left) and AP-4b/ hippocampal neurons without (KO; middle) or with (KO +
inhibitor; right) lysosomal inhibitors. HA-tagged GluR1 and GFP were coexpressed in cultured hippocampal neurons using the Sindbis virus at 17 DIV and were
immunostained at 18 DIV. The arrows indicate the axons. The regions marked by squares are enlarged in the lower panels. Yellowish axons marked with arrow-
heads indicate axons expressing GluR1 (red) and GFP (green), but not MAP2 (blue). Scale bar, 20 mm.
(D) Quantitative analysis of the polarized distribution of GluR1. The axon-dendrite ratio (ADR) value of GFP was established as 1. The ADR value of AP-4b/
hippocampal neurons approached unity after treatment with lysosomal inhibitors (+inhibitor). The ADR values were significantly higher in AP-4b/ than in
wild-type hippocampal neurons with or without lysosomal inhibitors (*p = 0.036; **p = 0.006; n = 8).wild-type hippocampal neurons (Figure 4D) was similar to the
reported value for the Kv4.2 K channel (0.1 ± 0.02), which is pref-
erentially sorted to the somatodendritic domain via an unknown
mechanism (Rivera et al., 2003). The ADR value for HA-GluR1
was significantly higher in AP-4b/ hippocampal neurons
(0.80 ± 0.16, n = 8) than in wild-type hippocampal neurons
(p = 0.006; Figure 4D). However, since the ADR value for HA-
GluR1 was still less than unity, some other mechanism might
contribute to the polarized distribution of GluR1 to AP-4b/
axons. Alternatively, the degradation of mislocalized AMPA re-
ceptors via the autophagic pathway in axons (Figure 3) may
have decreased the ADR value. Indeed, the treatment of AP-
4b/ hippocampal neurons with lysosomal inhibitors for 1 daycaused the ADR value for HA-GluR1 to approach unity (1.03 ±
0.29, n = 8; Figures 4C and 4D). These results indicate that the
somatodendritic distribution of endogenous AMPA receptors
can be recapitulated by exogenously expressed AMPA recep-
tors in cultured hippocampal neurons.
Finally, to obtain clues how AMPA receptors are trafficked in
axons, we examined the location of AMPA receptors in axons
of cultured GFP-LC3; AP-4b/ hippocampal neurons. As ob-
served in Purkinje cell axons in theDCN region in vivo (Figure 3D),
endogenous AMPA receptor immunoreactivity and GFP-LC3
accumulated in several regions along the axons of GFP-LC3;
AP-4b/ hippocampal neurons in culture (Figure 5A). We also
expressed GluR1 with its N-terminal extracellular region taggedNeuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc. 735
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Mislocalized AMPA Receptors in AP-4 Null Axonswith HA (NT-HA-GluR1) in AP-4b/ hippocampal neurons. NT-
HA-GluR1 wasmissorted to the axons of AP-4b/ hippocampal
neurons in a manner similar to that of C-terminal HA-GluR1 (Fig-
ure S9). An immunocytochemical analysis of NT-HA-GluR1
under nonpermeabilizing conditions revealed that HA-GluR1
wasmainly retained intracellularly in the axonal domain, whereas
it was abundantly expressed on the surface of dendritic shafts
and spines of AP-4b/ hippocampal neurons (Figure 5B). These
findings suggest that PDZ proteins that interact with the extreme
C termini of AMPA receptors unlikely contributed to the selective
distribution of AMPA receptors in the somatodendritic domain
and that mislocalized AMPA receptors in axons are accumulated
in autophagosomes without reaching the cell surface.
Sorting of Other Membrane Proteins
in AP-4b/ Hippocampal Neurons
Polarized membrane protein sorting in neurons is accomplished
along the endocytic pathway, the biosynthetic secretory path-
way, or a combination of both pathways. For example, axonal
membrane proteins, like Nav1.2 Na channel and VAMP2, are
selectively endocytosed from the somatodendritic domain after
nonselective transport to all domains (Garrido et al., 2001;
Sampo et al., 2003), whereas the odorant receptor ODR-10
(Dwyer et al., 2001) and Kv4.2 K channel (Rivera et al., 2003)
are directly sorted to the somatodendritic domain via the biosyn-
thetic pathway. Membrane proteins sorted via the endocytic
pathway generally lose their polarity when their immunoreactiv-
Figure 5. AMPA Receptors Were Accumulated in Axonal
Autophagosomes and Do Not Reach Cell Surface in AP-4b/
Hippocampal Neurons
(A) AMPA receptors were mislocalized and accumulated in autophago-
somes in the axons of AP-4b/ hippocampal neurons in vitro. Hippocam-
pal neurons prepared from GFP-LC3 transgenic mice on a background of
AP-4b/mice (GFP-LC3; AP-4b/) were fixed and immunostained using
an anti-pan-AMPA receptor antibody and an anti-tau1 antibody at 18 DIV.
Endogenous AMPA receptors accumulated in LC3-positive autophago-
somes (arrows) in the tau1-positive axons. Scale bar, 20 mm.
(B) GluR1 with its N terminus tagged with HA (NT-HA-GluR1) was mislo-
calized and did not reach the cell surface of axons of AP-4b/ hippocam-
pal neurons. AP-4b/ hippocampal neurons were transfected with NT-
HA-GluR1 and GFP at 2 DIV and immunostained using anti-HA antibodies
under nonpermeabilizing ( Triton; Surface) and permeabilizing (+ Triton;
Total) conditions at 18 DIV. The regions marked by squares were enlarged
in the corresponding panels. Although NT-HA-GluR1 was present on the
surface of dendrites, it was visible in axons (arrows) only under permeabi-
lizing conditions, a result indicating localization of missorted GluR1 in
intracellular components.
ities are studied under permeabilizing conditions (Garrido
et al., 2001; Sampo et al., 2003). Indeed, VAMP2 immunore-
activity was observed in both the dendrites and axons of wild-
type hippocampal neurons under permeabilizing conditions,
whereas it was selectively localized in the axons under
nonpermeabilizing conditions (Figure S10A). Similar results
were obtained in AP-4b/ hippocampal neurons (Fig-
ure S10B), indicating that the polarized axonal sorting of
VAMP2 was intact in these cells. In contrast, endogenous
AMPA receptors were not observed in the axons of wild-
type Purkinje cells (Figure 2C) or hippocampal neurons
(Figure 4A), even under permeabilizing conditions. Furthermore,
the coexpression of dominant-negative dynamin 1, which blocks
clathrin-mediated endocytosis (Herskovits et al., 1993; Matsuda
et al., 2006), had no effect on the somatodendritic distribution of
GluR1 immunoreactivity (Figure S11). These results indicate that
selective distribution of AMPA receptors in the somatodendritic
domain is achieved through the biosynthetic secretory sorting
pathway in wild-type neurons.
Interestingly, the immunoreactivities of the NR1 subunit of
NMDA receptors (Figure 6B) and mGluR1a (Figure 6C) were se-
lectively targeted to the somatodendritic domain of AP-4b/
hippocampal neurons in vitro. Similarly, GluR1 immunoreactivity
(Figure S4A), but not mGluR1a immunoreactivity (Figure S4B),
accumulated in calbindin-positive Purkinje cell axons in the
DCN region of AP-4b/ cerebella in vivo. Furthermore, GluR2,
but not NR1 or mGluR1a, was specifically coimmunoprecipi-
tated with AP-43 fromwild-type, but not from AP-4b/, cerebel-
lar lysates (Figures 6D and 6E). Similarly, AP-43 and AP-4b were
selectively coimmunoprecipitated with GluR2, but not with NR1
or mGluR1a (Figures 6D and 6E). Like NR1 and mGluR1a, trans-
ferrin receptor (TfR), which is sorted to the basolateral domain in
epithelial cells (Simmen et al., 2002), was normally distributed to
the somatodendritic domain of AP-4b/ Purkinje cells (Fig-
ure S12A). In contrast, another basolateral protein LDLR was
mislocalized in the axonal domain (Figure S12B). Similarly, the
d2 subtype of glutamate receptors, which was shown to bind736 Neuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc.
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Mislocalized AMPA Receptors in AP-4 Null AxonsFigure 6. Exclusion of Endogenous GluR2, but Not NR1 nor mGluR1, from Axons Was Dependent on AP-4
(A) Immunocytochemical analysis of endogenous GluR2 localization using anti-GluR2 antibody in cultured AP-4b/ (KO) hippocampal neurons (DIV18). MAP2
(green) and unphosphorylated tau1 (blue) immunoreactivities were used to identify the axons. The regions marked by the squares are enlarged in the correspond-
ing panels. Endogenous GluR2 was mislocalized in the tau1-positive and MAP2-negative axons (arrows), whereas it was normally expressed in the dendrites.
(B) Immunocytochemical analysis of endogenous NR1 localization using anti-NR1 antibody in cultured AP-4b/ (KO) hippocampal neurons (DIV18). MAP2
(green) and unphosphorylated tau1 (blue) immunoreactivities were used to identify the axons. The regions marked by the squares are enlarged in the correspond-
ing panels. Endogenous NR1 was normally excluded from the tau1-positive and MAP2-negative axons (arrows).
(C) Immunocytochemical analysis of endogenousmGluR1 in culturedAP-4b/ hippocampal neurons (DIV18). EndogenousmGluR1was normally excluded from
the tau1-positive and MAP2-negative axons (arrows).
(D) Coimmunoprecipitation assay of interaction between GluR2 and AP-4 in vivo. Cerebellar lysates of AP-4b/ and wild-type mice were immunoprecipitated
with anti-AP-43 antibody (left panels). Proteins in lysates (input) and those coimmunoprecipitated with AP-43 (IP) were immunoblotted with the indicated anti-
bodies. Similarly, wild-type cerebellar lysates coimmunoprecipitated with anti-GluR2, anti-NR1, or anti-mGluR1 antibody were immunoblotted with anti-
AP-43, anti-GluR2, anti-NR1, anti-mGluR1, and anti-AP-4b antibodies (right panels).
(E) Quantitative analysis of the coimmunoprecipitation assay. Themean band intensity of AP-43 that coimmunoprecipitated with GluR2 was established as 100%
(n = 3).to AP-4 (Yap et al., 2003), accumulated in the calbindin-positive
Purkinje-cell axons in the DCN region of AP-4b/ cerebella
(Figure S12C). These results indicate that AP-4 recognizes
specific cargo proteins, such as AMPA receptors, LDLR, and
d2 glutamate receptors, and regulates their selective distribution
in the somatodendritic domain of neurons.
To further confirm that the mislocalization of the AMPA recep-
tors was directly caused by the loss of the AP-4 complex, we
reintroduced Flag-tagged AP-4b into AP-4b/ hippocampal
neurons (Figure S13A). We found that AP-4b/ neurons that
expressed Flag-AP-4b also became immunopositive for AP-43
proteins (Figure S13B), a finding indicating that the loss of
AP-43 protein in AP-4b/ brain (Figure 1B) was indeed caused
by the loss of AP-4b protein. Immunocytochemical analyses
revealed that HA-tagged GluR1 was mostly excluded from the
axons of AP-4b/ neurons that expressed exogenous AP-4b(Figures S13A and S13C). These results indicate that the misloc-
alization of AMPA receptors in AP-4b/ neurons was caused by
the loss of functional AP-4 complex. Furthermore, the selective
knockdown of the m4 subunit of AP-4 by antisense RNA also
resulted in the mislocalization of AMPA receptors in axons of
wild-type hippocampal neurons (Figures S14–S16). Altogether,
these findings are consistent with the view that the loss of AP-
4b did not cause nonspecific detrimental effects but abrogated
trafficking of specific cargo proteins including AMPA receptors
in neurons.
TARPs Bind to AP-4 and Regulate
the AMPA Receptor Trafficking
The m subclass of AP complexes is generally responsible for rec-
ognizing cargo proteins (Boehm and Bonifacino, 2001). Thus, to
examine whether the AMPA receptor was recognized by the m4Neuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc. 737
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Mislocalized AMPA Receptors in AP-4 Null AxonsFigure 7. AP-4 Indirectly Binds to GluR1 via TARPs and Controls Distribution of TARPs
(A) Coimmunoprecipitation analysis of interaction between GluR1 and AP-4 m4. Lysates of HEK293 cells expressing GluR1 and Flag-tagged m4 were immuno-
precipitated (IP) using anti-GluR1 antibody and analyzed using anti-Flag and anti-GluR1 antibodies (IB). Coexpression of TARP g-3, but not CD4, was necessary
for the coimmunoprecipitation of GluR1 and m4.
(B) Coimmunoprecipitation analysis of the interaction between g3 and AP-4 m4. Lysates of HEK293 cells expressing HA-tagged g3 and Flag-tagged m4 were
immunoprecipitated (IP) using anti-HA antibody and analyzed using anti-Flag antibody (IB).
(C) Requirement of coexpressed TARP family proteins in the interaction between GluR1 and AP-4 m4 revealed by coimmunoprecipitation analysis. Lysates of
HEK293 expressing the indicated combinations of proteins were immunoprecipitated using anti-GluR1 antibody and analyzed using anti-Flag antibody.
(D) Localization of HA-tagged g3 in wild-type (WT; upper) and AP-4b/ (KO; lower) hippocampal neurons. HA-tagged g3 and GFP were coexpressed by the
Sindbis virus at 17 DIV and analyzed at 18 DIV. HA-tagged g3 was missorted to MAP2-negative axons (arrows) in AP-4b/, but not in wild-type, hippocampal
neurons. Scale bar, 20 mm.
(E) Quantitative analysis of polarized distribution of g3. The axon-dendrite ratio value of GFP was established as 1. The axonal transport of HA-tagged g3 was
significantly higher in AP-4b/ than in wild-type hippocampal neurons (**p = 0.0023; n = 8).
(F) Immunohistochemical analysis of g2 (red) and calbindin (green) localization in the DCN region of wild-type (WT) and AP-4b/ (KO) cerebella. The arrows
indicate the axons of Purkinje cells, which are doubly immunopositive for calbindin and g2. Bar represents 10 mm.subunit of AP-4, we expressed Flag-tagged m4 and GluR1 in
HEK293 cells and performed a coimmunoprecipitation assay.
Under our experimental conditions, however, m4 was not effec-
tively coimmunoprecipitated with GluR1 (Figure 7A) or GluR2
(Figure S17). Recently, TARP family proteins g2, g3, g4, and g8
have been shown to tightly associate with all subunits of AMPA
receptors in vivo (Chen et al., 2000; Tomita et al., 2005b; Vanden-
berghe et al., 2005). Thus, to explore the possibility that TARPs
might be required for AMPA receptors to associate with m4, we
coexpressed GluR1 or GluR2 and Flag-tagged m4 together
with HA-tagged g3 in HEK293 cells. The m4 subunit was effec-
tively coimmunoprecipitated with GluR1 (Figure 7A) and GluR2
(Figure S17) when it was coexpressed with g3, but not when it
was coexpressed with an unrelated membrane protein CD4738 Neuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc.(Gu et al., 2003). Indeed, m4 was coimmunoprecipitated by
g3 in the absence of GluR1 (Figure 7B). Similarly, m4 was coim-
munoprecipitated with GluR1 when it was coexpressed with
other TARP family proteins, such as g2 and g4, but not with g5
(Figure 7C), which is structurally similar to TARPs but does not
modulate AMPA receptor functions (Tomita et al., 2003, 2004).
When HA-tagged g3 was expressed in hippocampal neurons,
it was excluded from MAP2-negative axons in wild-type neu-
rons, whereas HA-tagged g3 was missorted to the axons
in AP-4b/ hippocampal neurons (Figure 7D). Similarly, HA-
tagged g2 and g4 were mislocalized in the axons of AP-4b/
neurons (Figures S18A and S18B). The ADR value for HA-g3
was significantly higher in AP-4b/ neurons than in wild-type
neurons (p = 0.0023, n = 8; Figure 7E). We also found that
Neuron
Mislocalized AMPA Receptors in AP-4 Null AxonsFigure 8. Characterization of the m4-Binding Domain of TARP g3
(A) Schematic drawing of the TARP membrane topology. The upper side is the extracellular region, and the lower side is the intracellular region. The C-terminal
domain following the fourth transmembrane domain (TM4) covers most of the intracellular regions.
(B) Schematic drawings of the deletion mutants of g3. The black boxes indicate TM4. Various deletions were introduced to the C-terminal cytoplasmic domain.
The lower numbers indicate the amino acid positions.
(C) Interaction between AP-4 m4 and TARP g3 mutants. HA-tagged wild-type or mutant g3 and Flag-tagged m4 were coexpressed in HEK293 cells, and the cell
lysates were subjected to immunoprecipitation with anti-HA antibody and analyzed using an immunoblot analysis with anti-Flag antibody.
(D) Amino acid sequence alignment of TARPs’ CT2 regions. The CLUSTALW program of the Biology Workbench Suites (the Computational Biology Group, the
National Center for Supercomputing Applications, University of Illinois, Urbana-Champaign, IL) was used. The letters are shaded according to the percentage of
conserved similar amino acids (100%, 80%, and 60%) at each position.
(E) List of mutations introduced in the CT2 region of TARP g3. The first amino acid sequence shows the CT2 region of g3. The second, third, and fourth amino acid
sequences show the mutations that were studied. The asterisk indicates identical amino acids.
(F) Immunoprecipitation assay examining m4 binding (left panel) or GluR1 binding (right panel) to wild-type and mutant TARP g3 constructs.
(G) Quantitative analysis of immunoprecipitation assay. The amount of m4 (left graph) or GluR1 (right graph) that coimmunoprecipitated with wild-type g3 was
arbitrarily established as 100%. *p = 0.045; n = 9.endogenous g2 immunoreactivity accumulated in the calbindin-
positive Purkinje cell axons in the DCN region of AP-4b/ cere-
bella (Figure 7F). These results suggest that although it remains
unclear whether AP-4 binds directly to TARPs, AP-4 does regu-
late the polarized distribution of TARPs, which in turn determines
the somatodendritic localization of AMPA receptors in neurons.
To further test thehypothesis that TARPsmediate theAP-4-de-
pendent polarized distribution of AMPA receptors in neurons, we
next attempted to develop amolecular tool to specifically disrupt
the interaction between TARPs and AP-4 in neurons (Figure 8A).
Thus, to identify the binding site of g3 TARP for m4, we introduced
various deletions within the C terminus of g3 (Figure 8B). HA-
tagged wild-type (g3wt) or mutant (g3CT0, g3CT1, g-3CT12, and
g-3CT123) proteins were coexpressed with Flag-tagged m4 in
HEK293 cells and subjected to a coimmunoprecipitation assay.Although m4 proteins were coimmunoprecipitated with g3wt,
g3CT123, and g3CT12, m4 was not effectively coimmunoprecipi-
tatedwithg3CT1org3CT0 (Figure 8C). Furthermore, an immunocy-
tochemical analysis using anti-HA antibody and coexpressed
GFP in cultured hippocampal neurons revealed that HA-tagged
g3CT1, but not g3wt, g3CT12, g3CT123 was mislocalized in axons
(Figure S19). These results indicate that theC-terminal region be-
tween g3CT1 and g3CT12, which we will refer to as the CT2 region,
is responsible for the binding to m4 and the polarized sorting of g3
to the somatodendritic domain in hippocampal neurons.
Because theCT2 region of TARPs is also necessary for its asso-
ciationwithAMPAreceptors (Tomitaetal., 2005a),g3CT1couldnot
beusedasa tool for thespecificdisruptionof interactionsbetween
endogenousAMPAreceptorsandAP-4 inneurons.Themsubunits
of all adaptor proteins have been shown to interact preferentiallyNeuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc. 739
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Mislocalized AMPA Receptors in AP-4 Null Axonswith a tyrosine-based sorting signal, YXXF, in which F is a bulky
hydrophobic residue (Aguilar et al., 2001). In addition, the binding
of m4 can also be mediated by other tyrosine- or phenylalanine-
based signals (Simmen et al., 2002). Because several tyrosine
andphenylalanine residues are highly conserved in theCT2 region
of all TARPs (Figure 8D), we hypothesized that the binding of m4 to
g3 might be achieved via a motif based on these residues. We
replaced tyrosine and phenylalanine residues in the CT2 region
ofg3withalanine residues (g33A;Figure8E)andperformedacoim-
munoprecipitation assay (Figure 8F and 8G). Although the interac-
tion between m4 and g33A was reduced from that between m4 and
g3wt, thedifferencewasnot statistically significant (p=0.21,n=8).
Interestingly, these residues are immediately followed bymultiple
serine and threonine residues (Figure 8E),which havebeen shown
to be phosphorylated in heterologous cells (Tomita et al., 2005b).
To examine the possibility that the phosphorylation of serine or
threonine residues in the CT2 region of TARPmay affect the bind-
ing affinity of AP-4 to TARPs, we additionally replaced five subse-
quent serine and threonine residueswith alanine (g38A; Figure 8E).
As a result, the interaction with m4 was significantly reduced (Fig-
ure 8F and 8G; p = 0.045, n = 9). The differences in binding affinity
form4werealsoestimatedbyanoverlayassayusingpurifiedC ter-
minusofg3wt org38A; theamountofHA-taggedm4proteinsbound
to the C terminus of g38A was approximately one-quarter of that
bound to the C terminus of g3wt (Figure S20). In contrast, the
amount of m4 coimmunoprecipitated by g35A, in which five serine
and threonine residueswere replacedwith alaninewithout replac-
ing the tyrosine and phenylalanine residues (Figure 8E), was
similar to that achieved by g3wt (Figures 8F and 8G). The tyrosine
and/or phenylalanine motif in the CT2 region of g3 is probably the
main mediator of the binding of g3 to m4; the subsequent serine
and threonine residuesmay not be directly involved in the binding
to m4 but may provide a permissive environment. In contrast,
because the phosphorylation of the serine or threonine residues
in the CT2 region of TARPs does not affect its binding affinity to
AMPA receptors (Tomita et al., 2005b), g38A interacted with
AMPA receptors in a manner similar to g3wt (Figures 8F and 8G).
These results indicate that the overexpression of g38A probably
specifically blocks the association between endogenous AMPA
receptors and AP-4 in a dominant-negative manner.
An immunocytochemical analysis using anti-HA antibody and
coexpressed GFP in wild-type hippocampal neurons revealed
that HA-tagged g38A was missorted to MAP2-negative axons
(Figures 9A and 9B), a result indicating that g38A did not signifi-
cantly bind to endogenous m4 in hippocampal neurons. As
expected from its interaction with AMPA receptors in vitro (Fig-
ures 8F and 8G), the expression of g38A, but not of g3wt, caused
the mislocalization of endogenous AMPA receptors in axons
(Figures 9C and 9D and Figure S21). In contrast, AMPA receptors
were normally expressed in the dendrite and spines of neurons
expressing g38A (Figure 9C). These results support the hypothe-
sis that endogenous TARPs mediate the polarized distribution of
AMPA receptors by interacting with AP-4 in wild-type neurons.
DISCUSSION
In this paper, we demonstrated that the adaptor complex AP-4
plays a unique role in AMPA receptor trafficking in neurons;740 Neuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc.AMPA receptors were mislocalized and accumulated in auto-
phagosomes in the axons of AP-4b/ Purkinje cells and hippo-
campal neurons both in vivo and in vitro. Although the m4 subunit
of AP-4 did not directly interact with the AMPA receptors, it as-
sociated with the AMPA receptor auxiliary subunit TARPs, which
then controlled the polarized distribution of AMPA receptors
in cultured hippocampal neurons. Our findings have important
implications for the general function of adaptor complex AP-4
in neurons and suggest a new role for TARPs in the regulation
of AMPA receptor functions. Moreover, our data shed new light
on the molecular mechanisms underlying the polarized distribu-
tion of certain membrane proteins to the somatodendritic
domain in neurons.
AP-4-Dependent AMPAReceptor Trafficking in Neurons
Despite recent progress in our understanding of postsynaptic
AMPA receptor trafficking mechanisms, a fundamental question
has remained largely unanswered: how is the polarized transport
of AMPA receptors to the somatodendritic domain controlled in
neurons? In epithelial cells, polarized sorting to the basolateral
domain, a functional equivalent of the somatodendritic domain
of neurons (Dotti and Simons, 1990; Jareb and Banker, 1998),
is achieved by adaptor complexes AP-1B and AP-4 in the TGN
or in recycling endosomes (REs) (Folsch et al., 1999; Simmen
et al., 2002). Recent works have indicated that AP-1B is mainly
localized in REs (Folsch et al., 2003; Gan et al., 2002), whereas
AP-4 is mostly associated with the TGN in epithelial cells (Barois
andBakke, 2005; Boehm et al., 2001; Simmen et al., 2002). Thus,
certain newly synthesized proteins may transit directly to REs,
where they are recognized by AP-1B and sorted to the basolat-
eral membrane (Folsch et al., 2003). For example, newly synthe-
sized TfR appears first in endosomes before reaching the baso-
lateral surface of epithelial cells and sorted mainly by the AP-1B
complex at REs (Ang et al., 2004). Alternatively, certain mem-
brane proteins on the cell surface may be endocytosed and
transported to REs, where AP-1B-dependent basolateral sorting
occurs (Gan et al., 2002). In contrast, certain newly synthesized
cargo proteins are thought to be recognized by AP-4 at the TGN
and then transported directly to the basolateral membrane (Ro-
driguez-Boulan and Musch, 2005). Indeed, the selective knock-
down of the m4 subunit of AP-4 by antisense RNA was previously
shown to result in the nonselective distribution of several baso-
lateral membrane proteins, such as furin, mannose 6-phosphate
receptor, and LDLR, but not TfR, to both the basolateral and api-
cal domains of epithelial cells (Simmen et al., 2002). Similarly, we
demonstrated that the disruption of AP-4 resulted in mislocaliza-
tion of LDLR (Figure S12A), but not TfR (Figure S12B), in axons
of AP-4b/ Purkinje cells. These findings suggest that AMPA
receptor-TARP complexes may be sorted by AP-4 via a biosyn-
thetic pathway in neurons in a manner similar to the AP-4-based
sorting that occurs in epithelial cells (Figure S22).
Nevertheless, unlike AP-4-dependent polarized sorting in
epithelial cells, mislocalized AMPA receptors accumulated in
autophagosomes within the axons and did not reach cell
surface (Figures 3 and 5). AMPA receptors may accumulate
intracellularly because axonal membranes lack the vesicle fu-
sion apparatus, such as the exocyst complex and the soluble
N-ethylmaleimide-sensitive factor complex, which coordinates
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Mislocalized AMPA Receptors in AP-4 Null AxonsFigure 9. Exclusion of Endogenous AMPA Receptors from Axons Requires the Interaction between Endogenous TARP and AP-4 m4
(A) Mislocalization of g38A to the axon of wild-type hippocampal neurons. HA-tagged g38A, which showed a normal association with AMPA receptors but a re-
duced association with AP-4 m4 (Figures 8F and 8G), and GFP were coexpressed in wild-type hippocampal neurons at 17 DIV using the Sindbis virus. An immu-
nocytochemical analysis at 18 DIV using anti-MAP2 and anti-HA antibodies revealed that HA-tagged g38A, but not g3wt, was mislocalized in the axons (arrows).
The regions marked by the squares are enlarged in the right panel. Yellowish axons marked with arrowheads indicate axons expressing g38A (red) and GFP
(green), but not MAP2 (blue).
(B) Quantitative analysis of polarized distribution of g3. The axon-dendrite ratio value of GFP was defined as 1. The axonal transport of HA-tagged g38A was sig-
nificantly higher in AP-4b/ than in g3wt (**p = 0.0005; n = 7).
(C) Effects of expression of g38A on the location of endogenous AMPA receptors in wild-type hippocampal neurons. HA-tagged g3wt or g38A and GFP were coex-
pressed in cultured hippocampal neurons using the Sindbis virus at 17 DIV, and an immunocytochemical analysis was performed at 18 DIV using anti-MAP2 and
anti-HA antibodies. The regionsmarked by purple squares (dendrites) or yellow squares (axons) are enlarged in the corresponding panels. The arrows indicate the
axons. Although AMPA receptors and g3 were normally distributed to the dendritic domain, they were mislocalized in the axons of neurons expressing g38A, but
not g3wt. Scale bar, 20 mm.
(D) Quantitative analysis of the fluorescence intensity of axonal AMPA receptors normalized by the GFP intensity. The value in neurons expressing g3wt was
arbitrarily defined as 100%. The axonal transport of endogenous AMPA receptors was significantly increased in hippocampal neurons expressing g38A
(**p = 0.0006; n = 8).targeted fusion of AMPA receptor-containing vesicles with the
plasma membrane (Horton and Ehlers, 2003). Indeed, when
expressed in polarized epithelial cells, mislocalized GluR1
could reach cell surface of both basolateral and apical
domains (Bedoukian et al., 2008). Alternatively, axons may
be equipped with an efficient degradation pathway to eliminate
mislocalized proteins. It is also possible that AP-4 may have
some direct roles in the regulation of membranes involved
in the autophagic pathway. For example, AP-4 interacts
with the lysosomal cargo proteins such as LAMP-2 and medi-
ates their direct transport to lysosomes (Aguilar et al., 2001).
Further studies are warranted to clarify the role of AP-4 in
the formation of autophagosomes containing AMPA receptors
in axons.Cargo Proteins Recognized by AP-4 in Neurons
Although mGluR1 and NR1 subunits of glutamate receptors are
also known to be expressed selectively in the somatodendritic
domain, their distribution was not affected in AP-4b/ Purkinje
cells (Figures S4B and S4C) and hippocampal neurons (Figures
6B and 6C). Indeed, unlike AMPA receptors, mGluR1 and NR1
did not coimmunoprecipitate with AP-4 from the brain lysates
(Figures 6D and 6E). Similarly, the basolateral or somatoden-
dritic expression of TfR was only marginally affected in m4-
depleted epithelial cells (Simmen et al., 2002) and AP-4b/
Purkinje cells. Because neurons lack AP-1B, certain somato-
dendritic cargos, such as mGluR1, NR1, and TfR, are likely
recognized by unknown adaptor proteins other than AP-4 and
AP-1B.Neuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc. 741
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Mislocalized AMPA Receptors in AP-4 Null AxonsUsing a combinational peptide approach, the m4 subunit has
been shown to interact with classical tyrosine motifs (Aguilar
et al., 2001). However, a surface plasmon resonance assay
and a coprecipitation assay revealed the binding of m4 to phenyl-
alanine- and nonclassical tyrosine-containing motifs: FI in furin,
MEQF in MPR, and YSY in LDLR (Simmen et al., 2002). Similarly,
we found that an unconventional motif containing phenylalanine
and tyrosine (YRYRF; Figure 8E) was essential for the binding of
TARP g3 to m4; this result indicates that the binding of m4 to the
target protein may be relatively promiscuous and may depend
on the cellular context. A motif containing FR and FTF in the
C terminus of the d2 subtype of glutamate receptors was also
shown to bind to the m4 subunit of AP-4 (Yap et al., 2003). Inter-
estingly, motifs containing FR or YR are also highly conserved in
odorant receptors, which are selectively sorted to the somato-
dendritic domain of neurons in Caenorhabditis elegans (Dwyer
et al., 2001). These motifs are recognized by the m1 subunit of
AP-1 in C. elegans; thus, the role of AP-4 might be performed
by AP-1, since C. elegans lacks AP-4. Furthermore, phenylala-
nine-containing sequences have been reported to mediate
the polarized sorting of several othermembrane proteins, like tel-
encephalin (Mitsui et al., 2005) and excitatory amino acid trans-
porter 4 (Cheng et al., 2002). Therefore, in addition to TARP-
AMPA receptors, LDLR, and d2 glutamate receptors, AP-4
may control the polarized sorting of several other membrane
proteins in mammalian neurons.
Function of TARPs in AMPA Receptor Trafficking
TARP family proteins, g2, g3, g4, and g8, are tightly associated
with AMPA receptor subunits GluR1–GluR4 and are essential
for (1) the cell surface expression of AMPA receptors, (2) the
maintenance of synaptic AMPA receptors via association with
the anchoring protein PSD-95, and (3) the acceleration of
AMPA current kinetics (Chen et al., 2000; Tomita et al., 2005a).
In addition to these three functions, we have demonstrated
that TARPs associate with the m4 subunit of AP-4 and mediate
polarized sorting of AMPA receptors to the somatodendritic do-
main. Although no data were shown, a direct interaction between
the m4 subunit and g3 TARP has also been previously mentioned
(Yap et al., 2003). The g2 subunit of TARP, known as stargazin,
promotes the surface expression of AMPA receptors mainly by
facilitating the export of AMPA receptors from the ER (Tomita
et al., 2003; Vandenberghe et al., 2005). Thus, we postulate
that AMPA receptors associate with TARPs at the ER and are ex-
ported to the TGN and post-Golgi organelles, where AP-4 binds
to the TARPs and possibly to some motor proteins, thereby
inducing polarized transport to the somatodendritic domain.
Six m subunits of the four AP complexes share considerable
sequence similarities with each other but localize to different
cellular membranes, such as the plasma membrane, the endo-
some, the TGN, and the lysosome. Similarly, the g8 and g2 sub-
units of TARPs were recently shown to localize to distinct cellular
membranes (Inamura et al., 2006). Thus, some TARP family
proteins may bind to m subunits other than m4, thereby regulating
AMPA receptor trafficking between distinct cellular membranes.
To understand the regulatory mechanisms underlying AMPA re-
ceptor trafficking in neurons, the roles of AP complexes and
TARP family proteins need to be clarified further.742 Neuron 57, 730–745, March 13, 2008 ª2008 Elsevier Inc.Presynaptic AMPA Receptors
Although themajority of AMPA receptors are preferentially trans-
ported to the somatodendritic domain, AMPA receptors are also
shown to function at the presynaptic axon terminals of certain
synapses (Fabian-Fine et al., 2000; Lu et al., 2002; Takago
et al., 2005). Such presynaptic AMPA receptors are thought
to regulate the motility of axonal filopodia during early develop-
ment (Chang and De Camilli, 2001; Tashiro et al., 2003) and par-
ticipate in autocrine or paracrine feedback signals responsible
for the modulation of neurotransmitter release (Lee et al.,
2002). Because AP-4 and TARP family proteins are expressed
ubiquitously throughout the brain, there may be a regulated
mechanism by which presynaptic AMPA receptors first escape
from the AP-4-based somatodendritic sorting system and then
reach the cell surface. For example, the phosphorylation of tyro-
sine, serine, or threonine residues in the CT2 region of TARPmay
regulate the binding affinity of AP-4 to TARPs. Similarly, the
phosphorylation of a serine residue immediately preceding the
YXXF signal of aquaporin 4 by casein kinase II enhances interac-
tions with the m3A subunit of AP-3 and the lysosomal targeting of
the protein (Madrid et al., 2001). Indeed, almost all the serine and
threonine residues within the CT2 region of g2 TARP have been
shown to be phosphorylated or dephosphorylated in neurons in
an activity-dependent manner (Tomita et al., 2005b). We also
found that these serine and threonine residues were necessary
for the optimal binding of m4 to g3 (Figures 8E and 8F). Further
study on the regulation of the somatodendritic sorting system
based on the TARP-AP-4 complex should provide a better
understanding of how functional presynaptic AMPA receptors
are transported to the axonal domain under certain physiological
conditions.
EXPERIMENTAL PROCEDURES
Knockout and Transgenic Mice
AP-4b/ mice were generated on a 129T2/Sv background under a contract
with Lexicon Genetics (The Woodlands, Texas). They were backcrossed
to C57BL/6J mice for seven generations. GFP-LC3 transgenic mice and
Atg5flox/flox mice were kindly provided by Dr. N. Mizushima (Tokyo Medical
and Dental University). To generate Purkinje cell-specific Atg5-deficient mice,
Atg5flox/flox mice were crossed with pcp2-Cre transgenic mice (Jackson Labo-
ratory), as described previously (Nishiyama et al., 2007). All procedures related
to the care and treatment of the animals were conducted in accordance with
Keio University’s Guidelines for Animal Experiments.
Microscopic Analysis
Histological assays for the mouse cerebellar slices were performed as previ-
ously described (Hirai et al., 2005). Microslicer sections were incubated
overnight with the following primary antibodies: rabbit or mouse anti-calbindin
(Hirai et al., 2005), guinea pig anti-pan-AMPA receptors, guinea pig anti-GluR2
(Fukaya et al., 2006), guinea pig anti-vesicular GABA transporter (VGAT) (Uchi-
gashima et al., 2007), mouse anti-unphosphorylated tau, rabbit anti-MAP2,
rabbit anti-g2 (Chemicon International), guinea pig anti-mGluR1a (Tanaka
et al., 2000). Sections were incubated for 1 hr with Cy3- or FITC-labeled spe-
cies-specific secondary antibodies. The stained slices were analyzed by con-
focal microscopy (Olympus). Electron microscopic analysis was performed on
parasagittal sections through the cerebellar vermis using an H7100 electron
microscope (Hitachi), as reported previously (Hirai et al., 2005).
Dissociated cultures of hippocampal or cerebellar neurons were prepared
from embryonic day 17 to 18 mice, as described previously (Matsuda et al.,
2006). Hippocampal neurons were transfected using Effectene (QIAGEN) at
2 DIV or infected using the Sindbis virus at 17 DIV (Matsuda et al., 2006). At
Neuron
Mislocalized AMPA Receptors in AP-4 Null Axons18 DIV, the neurons were fixed with 4% paraformaldehyde in phosphate-buff-
ered saline (PBS). For lysosomal inhibition, 10 mg/ml of pepstatin A (Peptide
Institute) and 10 mg/ml of E64D (Peptide Institute) were added to the culture
medium at 17 DIV. The cultures were first incubated with a blocking solution
(1% bovine serum albumin, 0.4% Triton X-100, and 10% normal goat serum
in PBS) and were then incubated with the primary antibodies at the following
dilutions: rat anti-HA, 1:1,000 (Roche Applied Science); mouse anti-unphos-
phorylated tau, 1:300 (Chemicon International); rabbit anti-NR1 (Chemicon In-
ternational); guinea pig anti-GluR1, 1:500; guinea pig anti-GluR2, 1:300; guinea
pig anti-pan AMPA receptor, 1:500 (Fukaya et al., 2006); and rabbit anti-MAP2,
1:1,000 (Chemicon International). For visualization, appropriate secondary
antibodies conjugated to Alexa 546 or 350 (diluted at 1:1,000; Invitrogen)
were used. Cell surface staining of HA-tagged proteins were performed as
described in the Supplemental experimental procedures.
Image Quantification
Image analysis was performed in a blind manner without knowledge of the
origin of the samples. Fluorescence images were captured using a CCD cam-
era (DP 70, Olympus) attached to a fluorescence microscope (BX60, Olympus)
and were analyzed using IP-Lab software (Scanalytics), as described previ-
ously (Hirai et al., 2005). Only transfected neurons with well-differentiated den-
drites and axons were chosen for the analysis. MAP2 or unphosphorylated
tau1 staining was used to differentiate the dendrites from the axons. For the
statistical analysis of polarized distribution of AMPA receptors, the intensity
of immunoreactivity for HA or endogenous proteins was measured and
normalized using the value of coexpressed GFP or that of endogenous tau1
immunoreactivity in the axons. The ADR value was also calculated according
to the method described by Rivera et al. (2003) as follows:
ADR= ðHAaxon=HAdendriteÞ=ðGFPaxon=GFPdendriteÞ;
where HAaxon and HAdendrite represent the HA immunoreactivity of HA-tagged
GluR1 or TARPs in the axon and dendrite, respectively, and GFPaxon and
GFPdendrite represent the fluorescence intensity of GFP in the axon and
dendrite, respectively. Since the amount of protein in the somatic region
was sometimes very high, the fluorescence intensity was measured between
40 mm and 200 mm from the soma. Segments fasciculate with other neurites
or regions were excluded from the measurement.
Immunoprecipitation and Immunoblot Assays
Transfected HEK293 cells or wild-type or AP-4b/ cerebella were solubilized in
500 ml of TNE buffer (50 mM NaCl, 10% NP-40, 20 mM EDTA, 0.1% SDS,
50mM Tris-HCl [pH 8.0]) supplemented with a protease inhibitor cocktail (Calbio-
chem). Fivemicroliters of the soluble fraction (the crude fraction)were subjected to
immunoblot analysiswithanti-AP-43antibody (providedbyDr.M.Robinson,Cam-
bridge University, Cambridge, UK), anti-AP-4b antibody, anti-b-actin antibody
(Sigma), anti-LC3 antibody (MBL), or anti-p62/SQSTM1 antibody (American Re-
search Products). Anti-AP-4b antibody was produced in the rabbit against C-ter-
minal 39aminoacid residuesof themousesequence (GenBankBC056200),which
wasexpressedasaglutathioneS-transferase (GST) fusionproteinusing thevector
pGEX-4T-2 (GE Healthcare). Fusion proteins were emulsified with Freund’s com-
pleteor incompleteadjuvant (DIFCO)and injectedsubcutaneously into female rab-
bits at intervals of 2 weeks. From antisera, specific antibodies were purified using
GST-free polypeptides coupled to Sepharose 4B (Amersham Pharmacia).
For the immunoprecipitation assays, onemicrogramof anti-HA (Roche), anti-
AP-43, anti-GluR2 (Matsuda et al., 2000), anti-NR1, or anti-mGluR1 antibody
was added to the remaining samples, and the mixture was incubated for 1 hr
at 4C. Then, 50 ml of protein G-conjugated agarose (Amersham Pharmacia)
wasadded, and thismixturewas incubated for 1 hr at 4C.After the precipitates
were washed four times with 500 ml of TNE buffer, 50 ml of SDS-PAGE sample
buffer was added and the sampleswere incubated for 5min at 95C. After cen-
trifugation, 5ml of thesupernatantwasanalyzedusing immunoblottingwithanti-
Flag (Sigma) or other various primary antibodies, TrueBlot HRP-conjugated
secondary antibody (eBioscience) and theECLplus kit (AmershamPharmacia).
Construction and Transfection of Expression Plasmids
Utilizing a PCR method and Pyrobest (Takara), cDNA encoding an HA or Flag
tag was added to the 50 end (immediately following the signal sequence) or 30end (immediately upstream of the stop codon) of mouse GluR1, mouse TARP,
or mouse m4 cDNAs. The nucleotide sequences of the amplified open reading
frames were confirmed by bidirectional sequencing. The cDNA encoding hu-
man CD4 was kindly provided by Dr. D. Vignali (St. Jude Children’s Research
Hospital). After the cDNAs were cloned into the expression vectors, either
pTracer (Invitrogen) or pCAGGS (provided by Dr. JMiyazaki, Osaka University,
Osaka, Japan), the constructs were transfected into human embryonic kidney
293 (HEK293) cells using the CellPhect transfection kit (Amersham Pharmacia)
or were expressed in hippocampal neurons using Effectene (QIAGEN) or Sind-
bis virus, as described previously (Matsuda et al., 2006).
Statistical Analysis
The statistical analyses were performed using a Student t test. The results are
expressed as the mean ± SEM.
SUPPLEMENTAL DATA
The Supplemental Data for this article can be found online at http://www.
neuron.org/cgi/content/full/57/5/730/DC1/.
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